A photonic crystal (PC) is a periodic nanostructure comprising an arrangement of alternating high-and low-dielectric-constant materials. This structure affects the flow of photons in a way similar to how crystal periodicity in semiconductors affects electron flow. For a photonic crystal to work, the periodic structure must be about half the resonance wavelength. For visible light this is between 400 and 700nm, making the fabrication of PCs both cumbersome and complex. Although nanofabrication techniques such as focused-ion-beam milling and electron-beam lithography have improved significantly over the last decade, high fabrication costs has severely hindered the commercial realization of PC-related optoelectronic devices. Consequently, finding an economic method of fabricating PCs with high precision is an important area of PC research.
A photonic crystal (PC) is a periodic nanostructure comprising an arrangement of alternating high-and low-dielectric-constant materials. This structure affects the flow of photons in a way similar to how crystal periodicity in semiconductors affects electron flow. For a photonic crystal to work, the periodic structure must be about half the resonance wavelength. For visible light this is between 400 and 700nm, making the fabrication of PCs both cumbersome and complex. Although nanofabrication techniques such as focused-ion-beam milling and electron-beam lithography have improved significantly over the last decade, high fabrication costs has severely hindered the commercial realization of PC-related optoelectronic devices. Consequently, finding an economic method of fabricating PCs with high precision is an important area of PC research.
A number of approaches have been proposed, including nanoimprint 1 and UV-interference lithography. 2 Nanoimprint is the most mature method, and fabrication machines are commercially available. However, expensive nanofabricating techniques are still required to produce the hard mold for imprinting. Correctly fabricating periodic patterns using UV interference lithography involves expensive UV lasers and complex optical systems. At the moment, mask-based photolithography is still the preferred method for most electronics industries. Nanosphere lithography 3 and photolithography using nanosphere arrays as phase masks 4, 5 have already been reported. These techniques can be used to make 2D or 3D periodic nanostructures at low cost. We have spent several years developing this approach and have recently modified it to form PCs at a selected area.
The nanospheres we used in this study were polystyrene spheres with diameters of 500 and 1000nm. To begin, we spin-coated a thin layer of photoresist on top of the substrate. Nanospheres subsequently formed a single-layered hexagonal close-packed array by convective self-assembly. Figure 1(a) shows a scanning electron microscope (SEM) image of the resulting structure. We used a commercial mask aligner during the UV exposure process. The polystyrene nanospheres function as nanoscale spherical lenses, focusing the incident UV light into a cylindrical-shaped pattern. We call our method nanospherical-lens lithography (NLL). Figure 1(b) shows the result of a simulation that confirms the collimating function of a single nanosphere using 3D finite-difference time-domain analysis. The exposed photoresist film can be developed into photoresist hole arrays. Metals or dielectric materials can be evaporated onto the samples to form nanodisk arrays after the photoresist lift-off process.
SEM images of the hole arrays and the resulting nanodisk array are shown in Figure 2(a) and (b) , respectively. The perfectly round-shaped holes and nanodisks show the quality of fabrication using our approach. In addition, the NLL photoresist lift-off
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Figure 2. Scanning electron microscope (SEM) images of (a) photoresist nanoholes and (b) 20nm-thick silver nanodisk array. (c) and (d) Bird's-eye-view SEM images of thick (100nm) silver nanodisk arrays.
Figure 3. Schematic illustration of the selected-area nanospherical-lens lithography process.
process allows us to deposit thick film, which in turn produces thick nanodisks. Figure 2 (c) and (d) shows bird's-eye-view SEM images of 100nm-thick nanodisks with vertical and smooth sidewalls. These nanodisks could not be easily fabricated using a state-of-the-art focused-ion-beam instrument.
We have modified NLL to make nanodisk and nanohole arrays at a preselected location. Figure 3 illustrates this concept. By adding a regular photomask on top of the nanospheres, we were able to form hexagon-shaped PC patterns: see Figure 4 (a). In summary, we have demonstrated the fabrication of nanodisk/nanohole arrays using NLL. Tiny polystyrene nanospheres are used as nanoscale lenses to collimate the incident UV light, exposing the underlying photoresist film. We can make nearperfect round-disk or hole arrays. By adding a photomask during exposure, we can limit the formation of nanostructures to a selected area. Up to now, we have been able to fabricate PCs within micron-sized patterns. We hope to optimize the experimental conditions so we can shrink the size of the pattern to build PC devices. We have also observed diffraction effects of UV light near the edge of the metal pattern on photomasks, and intend to perform more comprehensive studies to understand these effects. Our final goal is to be able to fabricate several useful PC structures to show the potential of this method.
